2 /day) were approximately four times larger than that at the upper layer (0.6 to 27 mg/m 2 /day). These results indicate that the horizontal addition of small particle sizes of Asian loess is a main factor in the increase of lithogenic particles at the lower layer. The temporal variations in the small lithogenic particle flux at the lower layer had a positive correlation with those at the upper layer (r = 0.71). The small lithogenic particle fluxes showed a strong positive correlation with the opal fluxes (r = 0.9). We therefore conclude that the small lithogenic particles were laterally transported and scavenged by the formation of aggregates with opal.
based on mineralogy (Griffin et al., 1968) , the isotopic composition of neodymium and strontium (Nakai et al., 1993; Jones et al., 1994) , and the elemental composition of sediment and settling particles (Weber et al., 1996; Otosaka and Noriki, 2000; Otosaka et al., 2004) . These studies revealed that the source materials of lithogenic particles in sediment and settling particles in the north Pacific are Asian loess and volcanic materials from the Kurile-Kamchatka Islands. Otoska et al. (2004) suggested that La/Yb and Th/Sc can be used as tracers for estimating the origin of lithogenic particles, because La/Yb and Th/Sc were different between these two source materials and the ratios did not change in the water column.
The behavior of settling lithogenic particles in the ocean has been studied using sediment traps (e.g., Honjo et al., 1982; Walsh et al., 1988; Saito et al., 1992; Otosaka et al., 2004) . Previous studies have concluded that lithogenic particle fluxes increase with depth and that the increases were caused by laterally transported particles. In the western North Pacific, Asian loess was transported via air and deep water columns (Otosaka et al., 2004) . The western North Pacific is a high nutrient, low chloro-
Introduction
Lithogenic particles are transported to the ocean surface by atmospheric deposition and/or water movement (e.g., Otosaka et al., 2004; Mosseri et al., 2005) . Lithogenic particles supply micronutrients and enhance biological activity in the surface ocean (Jickells, 1995 (Jickells, , 1999 Bonnet and Guieu, 2004) and act as ballast supporting the vertical transport of biogenic particles (Armstrong et al., 2002) . Lithogenic particles therefore affect the magnitude of biogenic flux in the deep ocean. In spite of these important features, the transport process of lithogenic particles has not been well understood.
Transport processes of lithogenic particles are significantly affected by source materials and the behavior of the particles. The source materials of lithogenic particles in the western North Pacific have been discussed phyll region; it is believed that iron limits primary production in this region (Tsuda et al., 2003) . Although atmospheric deposition of Asian loess might affect ocean primary production, it is unaffected by Asian loess transported through the deep ocean. Otosaka et al. (2004) studied the transport process of lithogenic particles in the western North Pacific using only chemical components, and they did not measured the grain size distribution, which is one of the factors that control the behavior of particles in the ocean (Rea and Hovan, 1995) . Although it is important to measure the grain size distribution in order to understand the transport process, there have been very few investigations of the grain size of settling particles (e.g., Ratmeyer et al., 1999; Li et al., 2004; Bonnin et al., 2005) .
In this study, the grain size was measured in order to obtain new information, and the La, Yb, Th and Sc contents were analyzed in order to understand the transport process of particles obtained with sediment traps.
Methods

Sampling
Settling particles were collected from June 2002 to May 2004 using time-series sediment traps (Nichiyu HX-10, Noriki et al., 1995) . Sediment traps were located at depths of 770 m (KNOTU) and 5100 m (KNOTL). The upper sediment trap and the lower one in KNOT02 were termed KNOT02U and KNOT02L, respectively, while those in KNOT03 were respectively named KNOT03U and KNOT03L. The mooring array was deployed and recovered by T/S Oshoro-Maru, Faculty of Fisheries, Hokkaido University. The sediment trap contained 13 sampling cups that were used to collect samples on an approximately monthly basis (20-30 days) . In order to avoid in situ decomposition of collected settling particles in cups, all cups were filled with neutralized 10% formaldehyde solution prepared using filtered deep-sea water prior to deployment. After recovery of the sediment traps, the sampling cups were immediately stored in a refrigerator until analysis.
Weight measurement of particle
"Swimmers" were removed from the collected samples. The remaining samples were filtered using preweighed 0.6 µm Nuclepore® filters. The particles on the filter were freeze dried overnight and their weight was determined to obtain the sample weight and the total mass flux.
Sc, Th, La and Yb analyses
A dried sample of about 20 mg in a pre-weighed glass cup was weighed and combusted at 450°C for 24 hours to remove organic matter. The combusted sample was decomposed in a Teflon® sealed vessel with conc. HNO 3 of 300 µl, conc. HClO 4 of 300 µl and conc. HF of 10 µl at 150°C for 5 hour (Noriki et al., 1980) . Concentrations of Sc, Th, La and Yb were measured by ICP-MS (YokokawaHewlett Packard, HP 4500). Indium was added to the solution as an internal standard. The precision of the analyses was less than 5% for all elements.
Grain size of lithogenic particle
A dried sample of about 150 mg was digested by 30% H 2 O 2 at 50°C for 3 hours to remove organic matter, followed by digestion with 0.1 M HCl for 2.5 hours to remove CaCO 3 . Biogenic silicate (opal) was removed by 2.0 M Na 2 CO 3 at 85°C for 5 hours. Although a small portion of aluminosilicate dissolves in 2.0 M Na 2 CO 3 solution, we chose this concentration because if large-sized opal were to remain, its effect on the grain size distribution of lithogenic particles would be serious. The particle sample in the solution was filtered, dried and weighed as lithogenic particle and removed from the filters. The grain size distribution of lithogenic particles dispersed in 0.1% pyrophosphoric acid solution based on volume was analyzed from the pattern of scattered light intensities and angles based on the Mie scattering theory using a laser scattering particle-size distribution analyzer (HORIBA LA-920; Stauffer and Igushi, 1997) . 
Biogenic silicate (opal) analysis
We measured the opal concentration using the improved simple alkaline extraction method of Mortlock and Froelich (1989) , as follows: the dried sample, accurately weighed at 20 mg, was put into a pre-weighed 50 ml cylindrical centrifuge tube. Ten % H 2 O 2 solution of 5 ml was added to the sample. The tube was placed in an oil bath pre-heated to 50°C for 30 min. The tube was taken out of the oil bath, and 1 M HCl of 5 ml was added to the sample. After 30 min, Ultra Pure Water (UPW; TORAY TORAYPURE LV-10T) of 20 ml was added to the sample and the sample was centrifuged at 3000 rpm for about 10 min. The supernatant was decanted and the residue was cleaned twice using UPW. The residue in the tube was freeze dried overnight. Then 0.1 M Na 2 CO 3 of 40.0 ml was added to the cleaned sample. After 2.5 h the sample was immediately centrifuged for 8 min at 3000 rpm. The extracted silica in the supernatant was measured by molybdenum yellow colorimetry. The opal content is calculated as SiO 2 * 0.4H 2 O (Mortlock and Froelich, 1989) .
Results
Temporal and vertical lithogenic particle fluxes
Lithogenic particle fluxes observed with the sediment traps are shown in Fig. 2 . In KNOTU, lithogenic particle fluxes varied from 30.2 to 2.7 mg/m 2 /day with a mean flux of 11.7 mg/m 2 /day. Observed lithogenic particle fluxes in KNOTL varied from 64.3 in (June 2003) to 7.5 mg/m 2 /day (March 2003) with a mean flux of 20.1 mg/m 2 /day. Lithogenic particle fluxes were high from June to July and low in March at Sta. KNOT. These seasonal changes of lithogenic particle fluxes were probably due to aggregation with biogenic particle and the time of atmospheric dust deposition in this region. The annual mean fluxes of lithogenic particles (11.7 and 20.1 mg/m 2 /day) were greater than the atmospheric dust deposition flux in this study area (ca. 8 mg/m 2 /day; Uematsu et al., 2003) . During almost all periods, lithogenic particle fluxes in the lower depth were greater than those in the upper depth, as reported previously (e.g., Honjo et al., 1982; Saito et al., 1992; Mosseri et al., 2005) .
Seasonal and vertical changes in La/Yb and Th/Sc ratios
In KNOTU, the La/Yb and Th/Sc ratios were high in spring and low in autumn and winter (Fig. 3) . Mean of flux ratios of La to Yb (mean La/Yb) and Th to Sc (mean Th/Sc) were 7.7 ± 0.4 and 0.41 ± 0.02, respectively, in KNOT02U. Mean La/Yb and mean Th/Sc were 7.0 ± 0.4 and 0.42 ± 0.02 in KNOT03U. In contrast to KNOTU, these ratios did not vary seasonally in KNOTL. Flux means of La/Yb and Th/Sc were 10.1 ± 0.5 and 0.38 ± 0.02 in KNOT02L, and in KNOT03L were 8.1 ± 0.4 and 0.28 ± 0.01, respectively. La/Yb in KNOTL was larger than that in KNOTU, and Th/Sc values in KNOTL were smaller than that in KNOTU. These La/Yb and Th/Sc ratios lay in the range of previously reported values for sinking particles in this study area (La/Yb: 4-11, Th/Sc: 0.1-0.45; Otosaka and Noriki, 2000; Otosaka et al., 2004) .
Grain size distribution of lithogenic particles
The grain size distributions of lithogenic particles are shown in Fig. 4 . In KNOT02U we observed two visible maxima in the size frequency distribution of lithogenic particles, at 3-4 µm and approximately 10 µm. In KNOT03U, the maximum of frequency was observed at 3-4 µm, and no maximum at 10 µm was detected. Although two grain size maxima were observed in KNOT02L, only one maximum at 3-4 µm was detected in KNOT03L.
Discussion
Origin of lithogenic particles in the western North Pacific
The elemental composition of particulate materials can be changed by adsorption/desorption of chemical elements and/or the biological uptake of dissolved components in the water column (e.g., Tachikawa et al., 1999) . Otosaka et al. (2004) estimated the fluxes of La, Sc and Th removed as particles from dissolved phase, i.e. as removal flux, in the water column using their residence times and concentrations in the ocean. Estimated removal fluxes of La, Sc and Th from 1000 m were 2.9 µg/m 2 /day, 0.058 µg/m 2 /day and 0.797 µg/m 2 /day, respectively (Otosaka et al., 2004) . Observed settling fluxes of La, Sc, and Th of KNOTU in this study were 75.0 µg/m 2 /day, 44.0 µg/m 2 /day and 18.7 µg/m 2 /day. Calculated removal fluxes of La, Sc and Th were 3.9%, 0.1% and 4.3% of observed settling fluxes, respectively. The Yb concentration at 800 m depth in the north Pacific was 6.1 pmol/kg (Alibo and Nozaki, 1999) , and residence time was 2200 years (Elderfield and Greaves, 1982) . The removal flux of Yb from the water column at 770 m depth was thus calculated to be 0.28 µg/m 2 /day using the method of Otoska et al. (2004) . This calculated removal Yb flux was 2.7% of the observed settling Yb flux. These results indicate that the amount of chemical adsorption and/or biological uptake of these dissolved elements are minimal and can be considered negligible. Since it can be assumed that the measured concentrations of La, Yb, Th and Sc in the bulk samples (non-extracted samples) are representative of those in the lithogenic particles, the relationship between bulk La/Yb and Th/Sc can be used to identify the origin of lithogenic particles, as reported previously (Otosaka et al., 2004) .
The La/Yb and Th/Sc ratios of the settling particles are plotted in Fig. 5 with the values of extracted Asian loess (Weber et al., 1996) , the average of Kurile- Kamchatka volcanics (KK) (Bailey, 1993) , and the bulk Asian loess (Weber et al., 1998) . Although it was reported that bulk La/Yb and Th/Sc ratios of the surface sediment in the North Pacific were located on the mixing line between extracted Asian loess and KK (Weber et al., 1996; Otosaka et al., 2004) , the bulk La/Yb and Th/Sc values of many settling particles in this study were not plotted on this mixing line. Th of the settling particles in this study was larger than that plotted on this mixing line. Extracted Asian loess was subjected to procedures to remove CaCO 3 , oxyhydrooxide and opal using acetic acid, sodium dithionite, sodium citrate and sodium hydroxide (Weber et al., 1996) . In this procedure, the particulate inorganic phosphate, which has an affinity for Th, is removed (Degens, 1965; Weber et al., 1998) . Therefore Th of bulk Asian loess was higher than that of extracted Asian loess (Weber et al., 1998) . Particulate inorganic phosphate is extracted (dissolved) during transportation in the water column (Benitez-Nelson et al., 2004) . Consequently, extracted Asian loess and bulk Asian loess are assumed to be long residing Asian loess (sediment Asian loess) and short residing Asian loess (eolian Asian loess) in the ocean, respectively.
The La/Yb and Th/Sc ratios of the settling particles were plotted in the mixing area of extracted Asian loess, KK and bulk Asian loess, which indicates that the settling lithogenic particles collected at Sta. KNOT were mixtures of these three components.
It is reported that the La/Yb value of extracted Asian loess (14.7: Weber et al., 1996) does not considerably differ from bulk Asian loess (13.3: Weber et al., 1998) , and the La/Yb ratio of KK is 3.42 (Bailey, 1993) . The Th/Sc values of bulk Asian loess, extracted Asian loess and KK were reported to be 1.0, 0.52 and 0.086, respectively (Bailey, 1993; Weber et al., 1996 Weber et al., , 1998 . We estimated the contribution of bulk Asian loess (eolian Asian loess), KK and extracted Asian loess (sediment Asian loess). The La/Yb of settling particles (S(La/Yb)) and Th/ Sc (S(Th/Sc)) were given as follows: 
Here A and (1 -A) are the proportions of KK and the sum of extracted Asian loess and bulk Asian loess to the total lithogenic particles, respectively. B is the proportion of extracted Asian loess in the sample. Since "14" is the average La/Yb of extracted Asian loess and bulk Asian loess, these estimated values have a potential error of ca. 10% (Table 1) , and the estimated values occasionally show negative values.
The variations in the contribution of the three end members of lithogenic particles to settling lithogenic particles are shown in Table 1 . KK was the main contributor to the settling lithogenic particles in the upper sediment trap, while in the deeper sediment trap the contribution of KK was lower than that in the upper one. The contribution of bulk Asian loess in KNOT02U and KNOT03U was 31% and 41%, respectively, decreasing to 3% and -1% in the lower layer, respectively. Although the contribution of extracted Asian loess in the upper layers was low (10% and -7%), the contribution in the lower sediment trap was high (60% and 45%). The fraction of extracted Asian loess showed the greatest increase among the three end members with depth (Table 1) . These results indicate that there is not only dissolution of Th in bulk Asian loess (eolian Asian loess) in the water column but also a lateral input of extracted Asian loess (sediment Asian loess) in the deep ocean.
Grain size and transport process of lithogenic particles in the western North Pacific
The grain size of lithogenic particles showed a polymodal distribution in KNOT02 (Figs. 4 and 6 ). It has been recognized that the grain size distributions of sediments showing a polymodal distribution represent a mixture of different transport or depositional processes (e.g., Bagnold and Barndorff-Nielsen, 1980) . The grain size distributions of lithogenic particles of marine sediments tend to show a normal distribution (Rea and Hovan, 1995) . Assuming that the grain size distributions of the settling particles collected at Sta. KNOT were a composite of three normal distributions, the composite functions (described below) were fitted to the observed grain size distributions of all samples (Fig. 6) . As a result, the correlation coefficients between the observed grain size distributions and the composite grain size distributions of all samples were more than 0.99, thereby allowing the observed grain size distributions of the settling lithogenic particles to be divided into three normal distributions. To simplify the discussion, we classified these particles into large lithogenic particles (LLP) and small lithogenic particles (SLP) on the basis of a location parameter of 6 µm. Assuming that the density of all lithogenic particles is constant, we estimated the flux of each grain size of the lithogenic particles by multiplying the bulk lithogenic flux and the frequency of the size distribution. In KNOT02U, mean fluxes of SLP and LLP were 2.3 mg/m 2 /day and 4.8 mg/m 2 /day, respectively. In KNOT02L, mean fluxes of SLP and LLP were 8.5 and 5.8 mg/m 2 /day, respectively. The SLP flux in KNOT02L was higher than that in KNOT02U, while the change in the LLP flux was not significant (Fig. 7) . This increase in SLP with depth revealed that the previously reported increase in the lithogenic particle flux with depth is probably attributable to the horizontal transport of small lithogenic particles.
No LLP were detected in KNOT03. The third lowest atmospheric Asian loess deposition for the last 15 years was observed in 2003, although for the last 15 years (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) ) the highest deposition was observed in the Japan Islands in 2002 (Japan Meteorological Agency http://www.data.kishou.go.jp/obs-env/hp/4-4kosa.html). We can therefore consider that almost all lithogenic particles observed in KNOT03 were laterally transported lithogenic particles. Yu et al. (2001) measured the fluxes of 230 Th and 231 Pa intercepted by sediment traps and demonstrated that the trapping efficiency in the mesopelagic zone is often reduced to less than 0.4, although that in the bathypelagic zone is close to 1. It is therefore possible that our flux of KNOTU was underestimated. In fact, Otosaka et al. (2004) reported a very low trapping efficiency (0.38) at 1000 m at the same location. The grain size distribution of the bulk settling particles ranged from 0.6 µm to approximately 200 µm because the settling particles include particles with a large grain size (for example, foraminifera having carbonate testa) and particles with a small grain size (for example, lithogenic particles) (Bonnin et al., 2005) . If trapping efficiency depends on the grain size of particles, there is difference in trapping efficiency as between carbonate and lithogenic particles. However, Scholten et al. (2001) found no clear relationship between 230 Th and four major components, namely opal, carbonate, particulate organic carbon and lithogenic particles, implying no discernible selectivity in the trapping efficiency. These results indicate that there is no difference in the trapping efficiencies of particles with different grain sizes. Since the grain size distribution of lithogenic par- ticles in this study ranged from 0.6 µm to 30 µm (Fig. 4) , which is in the size range of the bulk settling particles (Bonnin et al., 2005) , we can consider that all lithogenic particles were collected with the same trapping efficiency. Therefore the observed LLP/SLP ratios will not change, even if a correction is made for trapping efficiency.
Temporal variation in grain size and La/Yb in the western North Pacific
The La/Yb, Th/Sc and LLP/SLP ratios in KNOT02 are shown in Fig. 8 The LLP/SLP ratios in KNOT02U were higher, while the flux mean La/Yb was 1.3 times lower than that in KNOT02L. Th/Sc in KNOT02U was higher than that in KNOT02L. These results indicate that the lateral input of SLP at the lower sediment trap has a large La/Yb and the main origin of this SLP was sediment Asian loess rather than KK (Table 1 ). The SLP flux in KNOT02L was higher than that in KNOT02U (Fig. 7) , and so the increase in the flux of small Asian loess was not explained by the atmospheric Asian loess deposition. Nakatsuka and Handa (1997) measured radioactive carbon in the settling particles in the same region and suggested that resuspended particles from the sediment existed in the settling particles collected by the deep sediment traps. Oceanic sediment contains more Asian loess around the Japanese Islands arc (Weber et al., 1996) . Additionally, north-eastward water currents are observed at 42°N, 145°E between 2000 m to 5000 m depth with velocities of 7.2-8.7 cm/sec (Owens and Warren, 2001 ). We therefore suggest that the SLP was laterally transported from the southwest sea area of Sta. KNOT by water currents.
In KNOT03, the maximum frequency for lithogenic particles was observed at 3-4 µm, while the maximum at 10 µm observed in KNOT02 was not detected (Fig. 4) . Part of the LLP was atmospheric Asian loess, as discussed above. Although no LLP were detected in KNOT03, bulk Asian loess (eolian Asian loess) was observed in KNOT03U (Table 1) . These results suggest that Th associated with inorganic phosphate was not completely extracted from the bulk Asian loess (eolian Asian loess) in the water column during several years. This bulk Asian loess observed in KNOT03 might be suspended around Sta. KNOT after atmospheric deposition.
Removal process of lithogenic particles in the western North Pacific
The SLP flux ranged from 0.5 to 30 mg/m 2 /day in KNOTU and from 5 to 65 mg/m 2 /day in KNOTL (Fig.  9) . The temporal variations in the SLP fluxes in KNOTL had a positive correlation with those in KNOTU (Fig. 9 , r = 0.71). It is necessary to have a sinking velocity higher than 4400 m/month in order to synchronize these fluxes. Since the sinking velocity of SLP was estimated to be 33 m/month based on Stokes' law, assuming that the diameter and density of SLP are 4 µm and 2.6 g/cm 3 (Foret et al., 2006) , respectively, it is difficult to explain the synchronized flux in terms of the sinking of SLP alone. Both the SLP and opal fluxes were high from April to October and low during the winter period (Fig. 9) . The SLP fluxes showed a strong positive correlation with opal fluxes (r = 0.90 in KNOTU and r = 0.91 in KNOTL). The aggregates of small lithogenic particles with opal have a rapid sinking velocity that is approximately 150 times faster than SLP (Tsai, 1996; McCave et al., 2001) . We therefore suggest that the small lithogenic particles were laterally transported and scavenged by opal, which was the first contributor to the total mass flux in the western North Pacific (Otosaka and Noriki, 2005) . The flux of SLP was high from April to October at KNOTU and KNOTL (Fig.  9) . We consider that this seasonal variation in the SLP fluxes was due to the seasonal variation in the opal fluxes. If further study is able to provide information about the seasonal change of laterally transported SLP fluxes, this would develop our understanding of the transport process of lithogenic particles.
Conclusion
The results obtained in this study can be summarized as follows:
(1) The annual mean lithogenic particle flux observed at the lower sediment trap (5100 m) was twice as high as that at the upper sediment trap (770 m) at Sta. KNOT.
(2) We estimated the origin of lithogenic particles using the La/Yb and Th/Sc ratios of the settling particles at Sta. KNOT. The contribution of Asian loess at the lower layer was higher than that at the upper one.
(3) We measured the grain size distributions of lithogenic particles obtained from the sediment traps in the western North Pacific. Small lithogenic particle fluxes at the lower layer were higher than those at the upper layer, although the change in the large lithogenic particle fluxes with depth was not significant.
(4) The temporal variations in SLP fluxes at the lower layer were synchronized with those at the upper layer. The SLP do not have sufficient sinking velocity for such synchronization and we therefore conclude that the SLP flux can be correlated with the opal flux.
These results strongly suggest that small lithogenic particles originating from the Asian continent are laterally transported by water currents along the Japanese Islands arc from the south to the study area and scavenged by the formation of aggregates with biogenic particles in this region.
